Separation of a mixture of the main cytokinins occurring naturally in plant tissues was achieved by high pressure liquid chromatography using insoluble polyvinylpyrrolidone as the solid support. The separation of each cytokinin was first assessed over a range of salt and 1-butanol concentrations and pH using a mixture of borate buffer and 1-butanol as the mobile phase to determine the conditions necessary for optimum resolution. A discrete separation of zeatin, N-6-(A-2-isopentenyl)adenine, their related ribonucleosides, and kinetin was achieved using a simple isocratic elution with 0.025 M borate buffer at pH 6.8 and 4% (v/v) (6, 9, 12, 17, 19) .
Many methods have been described for the separation of endogenous growth regulators in plant extracts. In general, the cytokinins have been the most difficult group of hormones to deal with because of their low solubility in most organic solvents. Preliminary purification can be achieved by first partitioning the extracts with 1-butanol (11, 15) and then separating the resulting cytokinin mixture on paper, or by LC,2 TLC, or GLC (6, 9, 12, 17, 19) .
Until recently, GLC has been considered the most reliable technique for separating and analyzing the identification of growth regulators in plant extracts, providing the hormone activity of the extracts is high, such as in immature seeds (10) . However, this technique suffers from the disadvantage that volatile derivatives of the hormones must first be prepared and very often the analysis is destructive. This is particularly so with cytokinins where high column temperatures are required and flame ionization detectors are used for the analysis (12, 19) .
The recent use of HPLC (3, 4, 13, 19) has introduced yet another possible major tool for cytokinin analysis. However C18 on Porasil (Waters Associates Ltd.) for reverse phase chromatography of cytokinins, but again a gradient elution system was necessary to achieve good separation. In our laboratory, we wished to develop a simple, inexpensive HPLC system for separating cytokinins, which would operate under isocratic conditions. It had been shown previously that PVP, a weak hydrogen-bonding material, could be used on a normal column scale to give reasonable separation of some cytokinins using phosphate buffer as the eluting solvent (1, 5, 18) . However, a more satisfactory separation of cytokinins can be achieved on PVP TLC plates with borate buffer, since the cytokinin ribonucleosides form quick moving complexes with the borate ions, thus moving away from the free bases (17) . On the other hand, since the free bases tend to be more soluble in 1-butanol than their related ribonucleosides, a combination of borate buffer and 1-butanol might be expected to provide the optimum separation conditions in the shortest possible time on LC columns.
In this paper, we describe the results of our investigations with borate buffer/1-butanol mixtures on PVP HPLC columns for separating pure cytokinin standards and endogenous cytokinins in extracts of cabbage heads.
MATERIALS AND METHODS
Chromatographic Materials and Procedure. A 2-meter long chromatography column was prepared from 2 mm i.d. precision bore 316 stainless steel tubing obtained from Varian Aerograph Ltd. The column was fed with solvent from a 0 to 750 p.s.i. constant pressure pump and the eluate monitored with a Model 02-001426-00 UV-detector, both purchased from Varian Aerograph Ltd. The pump was pressurized with N2 and all the solvents were degassed before use.
In preliminary investigations the columns were packed with PVP (Polyclar AT from General Aniline and Film Corp., N. Y.) which was screened through sieves to yield an 80-to 100-mesh packing. However, this packing still contained a considerable number of fine particles which obstructed the column terminator disc and reduced the column flow rate. The procedure used to obtain a satisfactory packing was initially to sieve the PVP and then remove the fine particles by progressive washing. The uniform product was rinsed with absolute ethanol and dried before packing the column. This was then dry-packed under vacuum using a small vibrator to distribute the packing evenly throughout the column.
The column pressure was gradually increased and set at about 400 p.s.i. to achieve a flow rate of 1 ml/min. Standard Investigation of Cytokinins in Cabbage. Samples were removed from the hearts of fresh cabbage (Brassica oleracea var. capitata L.) cv. Green Winter grown in the field at Cornell University, and cytokinin-containing extracts were prepared by the procedure described in Figure 1 .. The PVP/CaSO4 thin layer plates were prepared as described by Thomas et al. (17) , and extracts were run in the sodium-potassium phosphate buffer/acetone solvent.
The zone from RF 0.2 to 0.7 was eluted with 70% methanol, and the eluate reduced and re-run in the same solvent. The cytokinins were re-eluted and reduced in volume for loading onto the HPLC column. The UV-absorption of the column eluate was monitored, fractions were collected, and their cytokinin activity was measured with the modified Amaranthus betacyanin bioassay (2). However, the cytokinins in each fraction were first extracted into water-saturated 1-butanol since excess borate ions affect the bioassay results. The 1-butanol extracts were then reduced and loaded onto filter papers which were dried in the bioassay dishes.
Satisfactory bioassay data were obtained by this method, although the presence of some borate ions in the bioassay solutions resulted in a higher baseline than is normally obtained.
RESULTS
Preliminary experiments indicated that a reasonable separation of cytokinins could be obtained using a 0.02 M borate buffer (boric acid/sodium borate). Figure 2 illustrates the effect of altering the pH of this buffer over the range 5.5 to 8.2 in the absence of 1-butanol. The rate of elution of cytokinin ribonucleosides was increased with increased alkalinity but the free bases were relatively unaffected. Using this system, the best separation occurred at around pH 6.8, there being discrete separation of ribonucleosides and free bases. However, a similar separation of ribonucleosides was achieved when 4% 1-butanol was added to the buffer with the advantage that a discrete separation of the free bases, zeatin, 2iPA, and kinetin was obtained in a smaller total elution volume (Fig. 3) . This apparent advantage of the addition of 1-butanol was offset to some extent because the viscosity of the eluting solvent increased with added 1-butanol and this resulted in a decreased flow rate. Thus, by adding 4% 1 -butanol to the borate buffer the flow rate was decreased from 1.10 to 0.82 ml/min at 400 p.s.i.
The effect of altering the percentage of 1-butanol in the eluting buffer is shown in Figure 4 and it can be seen that the absolute effect of increasing the 1-butanol concentration was to reduce the retention volume of the free base cytokinins. By adjusting the 1-butanol concentration to approximately 4%' (v/v) a discrete separation of all standards was obtained by isocratic elution with 0.02 M borate buffer, pH 6.8. Figure 5 shows the effect of altering buffer molarity on the separation of standard cytokinins and it can be seen that only a fairly narrow range of molarity (0.0175-0.025 M) is suitable for this separation. When molarities outside these limits are used, the retention times of the latereluting cytokinins are greatly increased. The elution volumes increase correspondingly; lower, wider peaks are shown on the recorder and sensitivity of the system is consequently decreased. The shape of the response curve is unusual in that the retention volumes of the cytokinins decrease with increasing molarity to around 0.02 M but then increase as solutions of stronger molarity are used. The column characteristics at low molarity were useful for the separation of zeatin from dihydrozeatin.
The data obtained from these investigations were used to determine a suitable solvent system for the separation of cytokinins in plant extracts. The optimum conditions for the separation of (Fig. 6) . The separation of cytokinins from an extract of Danish cabbage using these chromatographic conditions is illustrated in Figure 7 .
There was little quantitative correlation between the biological activity detected with the Amaranthus bioassay and the UV-absorption of the column eluate. Most of the UV-absorption occurred immediately after the void volume and was associated with some pigmentation in the eluate. Other minor UV-absorbing peaks were detected at later elution times but in general did not coincide with the biologically active fractions.
DISCUSSION
The data presented in this paper show that the main cytokinins occurring in plant tissues can be separated on HPLC columns using PVP as the column packing. However, the separation of cytokinin ribonucleotides has not been investigated because stable, pure samples of these compounds are not available. Unlike the methods previously described (3, 4), the use of gradient elution or solvent change systems was unnecessary, as a discrete separation was achieved by isocratic elution with a mixture of borate buffer and 1-butanol. Adjustment of the solvent pH, molarity, and 1-butanol concentration will allow the separation of interfering purine compounds from the cytokinins, e.g., the separation of adenine from zeatin and adenosine from ZR. It was also found that the normally difficult separation of dihydrozeatin from zeatin could be achieved by using a low molarity buffer. Other FIGs. 2-5. Effect on the cytokinin separation on PVP-HPLC columns of pH of solvent in the absence of 1-butanol (Fig. 2) , pH of solven inrthe presence of 1-butanol (Fig. 3) , per cent (v/v) 1-butanol in the eluting solvent (Fig. 4) , and borate molarity (Fig. 5) .
HPLC by the use of PVP/CaSO4 TLC (17) . Crude plant extracts may contain other hormonal activity, particularly inhibitory materials such as ABA, and these may interfere with cytokinin bioassays. The separation of cytokinins by the method described eliminates the possibility of interference by ABA since this is eluted immediately after the void volume and prior to the appearance of any major known cytokinins.
The use of 1-butanol to reduce the total elution volume was in part successful since the free cytokinin bases in particular were responsive to this treatment. However, the effect of increased 1-butanol concentration on solvent viscosity resulted in a decreased flow rate which partly offset the advantages gained by its addition. Nevertheless, the separation of the free bases from each other was improved and a more uniform separation of the cytokinin mixture tested was achieved.
A number of other buffer solutions were tested during our investigations but the borate buffer system proved to be superior to any of the others, possibly due to the well known ability of borate ions to form complexes with both organic nitrogen compounds and ribonucleosides. The results show that the optimum separation conditions occur over a narrow range of molarity (0.0175-0.025 M) and that between 0.02 M and 0.025 M the column characteristics are completely reversed. The reason for the shape of the response curve to changing molarity is not clear but it is well known that a change of configuration of borate ions from mononuclear species to polymeric forms occurs at a concentration between 0.02 M and 0.025 M. It is possible that some permanent change to the hydrogen-bonding capacity of the column might result from this alteration in ionic form.
The optimal conditions for separating standards proved to be satisfactory for the separation of cytokinins in an extract of Danish cabbage. Peaks of cytokinin activity corresponding to those of zeatin, 2iPA, and their related ribonucleosides and a fast moving peak at the solvent front were detected. A cytokininactive compound was also detected in the kinetin standard retention volume. There is no evidence that kinetin occurs naturally in plant tissues and this compound may well be similar to one of the unknown cytokinins separated from poplar leaves on Sephadex LH 20 (6) (7) (8) . A cytokinin complex similar to that occurring in poplar leaves and containing a number of unidentified com- ponents has been previously described for cabbage (18) . The separations of mixtures of pure cytokinins achieved in our experiments were highly reproducible. For example, when five consecutive injections of a mixture of four compounds were made, the following results, expressed as retention volume peaks, were obtained: Cy = 8.33 i 0.15; ZR = 12.71 ± 0.04; 2iPAR = 17.7 ± 0.07; and Z = 25.57 ± 1.36 ml. The loading capacity of the columns has not been fully appraised. However, 5-,AI samples of ethanolic solutions containing up to 25 ,ug of zeatin riboside were eluted as sharp peaks. The column capacity seems likely to exceed the solubility of the componds in the mobile phase and probably exceeds the saturation point of the detector.
Hence the reproducibility and capacity of this system compares favorably with existing GLC methods employing a flame ionization detector (12, 14, 19) . A comparison of the relative sensitivity of UV detection in HPLC with GLC techniques has been made by Carnes et al. (3) and although they suggest that these methods are comparable (10 ng detection limit), our results indicate that GLC methods may be slightly more sensitive. In order to obtain a peak height equivalent to 4% of full scale when the UV-detector was set on the 0.01 scale, the following quantities of our test compounds were required; Cy = 15; ZR and 2iPAR = 50; Z = 150, 2iPA = 100; and K = 200 ng. Obviously, the limit of detection will depend on the retention time of a particular compound, as the longer it takes to elute, the more diffuse it will be and the smaller the peak height. However, in contrast to GLC, the method is nondestructive and it is not necessary to form derivatives of the cytokinins in order to achieve separation. Thus, the compounds separated from plant extracts can be collected in a reasonably pure, naturally occurring form provided satisfactory preliminary clean-up techniques are available.
Compared with other LC methods such as the use of Sephadex LH 20 columns (6-8), only small volumes of liquid are employed. Sephadex LH 20 is normally employed in large scale separations and cannot be used as an HPLC packing because the gel does not retain its structure when subjected to relatively low pressures. We have shown previously (18) that separations similar to those obtained on Sephadex LH20 columns can be achieved with PVP and this packing has the advantage that it will tolerate pressures of up to 400 p.s.i.
There are potential advantages of HPLC over existing GLC and LC methods but further workis required to perfect the system. One of the major limitations of HPLC methods is the use of a UV-detector system for monitoring the column eluate. It seems unlikely that quantitative determinations of cytokinin activity can be made by direct UV-absorption measurements at present since other absorbing phytochemicals may also occur in the plant extracts and these cannot be completely removed with current purification techniques. Additionally, our experiments indicate that the sensitivity of the Amaranthus bioassay is at least 100-fold greater than the UV-detector so that direct physical methods seem unlikely until more specific detector systems with greater sensitivity are discovered.
A disadvantage of the method described in this paper is that the column eluate cannot be bioassayed directly because of the presence of borate ions and 1-butanol. Thus the cytokinins must first be partitioned into 1-butanol which is then evaporated off prior to bioassay. Also, particular care must be taken to avoid quick pressurization of the column since this results in distortion of the PVP and a resulting decrease in flow rate. We found that it was important to grade the PVP very carefully and to avoid pressure in excess of 500 p.s.i. in order to maintain uniformly high flow rates. 
